Zeeman deceleration is a relatively new technique used to obtain full control over the velocity of paramagnetic atoms or molecules in a molecular beam. We present a detailed description of a multistage Zeeman decelerator that has recently become operational in our laboratory [Cremers et al., Phys. Rev. A 98, 033406 (2018)], and that is specifically optimized for crossed molecular beams scattering experiments. The decelerator consists of an alternating array of 100 solenoids and 100 permanent hexapoles to guide or decelerate beams of paramagnetic atoms or molecules. The Zeeman decelerator features a modular design that is mechanically easy to extend to arbitrary length, and allows for solenoid and hexapole elements that are convenient to replace. The solenoids and associated electronics are efficiently water cooled and allow the Zeeman decelerator to operate at repetition rates exceeding 10 Hz. We characterize the performance of the decelerator using various beams of metastable rare gas atoms. Imaging of the atoms that exit the Zeeman decelerator reveals the transverse focusing properties of the hexapole array in the Zeeman decelerator.
I. INTRODUCTION
The crossed molecular beams technique is ideally suited to study fundamental interactions that take place when molecules and atoms collide [1] . In order to validate the latest theoretical models and approaches, experiments with the highest level of precision are required. Ideally, the collision partners initially occupy only one quantum state, and they collide with a continuously tunable collision energy and high inherent energy resolution. To generate molecular collision partners, seeded supersonic beams are often used as a source, as they provide samples of molecules with relatively narrow velocity distributions and low rotational and vibrational temperatures [2] . The collision energy can be changed in discrete steps by using different seed gases, or varied continuously over a wide range by changing the angle between the two beams [3] [4] [5] .
However, even when the best molecular beam sources are used, the energy resolution in a collision experiment is mainly limited by the velocity spread of the parent beams. Additional control over molecular beams can be obtained by manipulating them with magnetic or electric fields [6] [7] [8] . Neutral particles with an electric or magnetic dipole moment experience a force when they encounter inhomogeneous electric or magnetic fields, through the Stark and Zeeman effect, respectively. These forces can be used to focus or deflect molecules, but can also be used to change the forward velocity and velocity distribution of a packet of molecules. The latter was pioneered in the late 90's, and resulted in the construction of the so-called Stark decelerator, that consists of an array of * basvdm@science.ru.nl high-voltage electrodes to manipulate beams of neutral polar molecules [9] . With the Stark decelerator, packets of molecules can be produced with a computer-controlled velocity, a narrow velocity spread, and almost perfect quantum-state purity. Almost a decade later, the first multistage Zeeman decelerators were developed for particles with a magnetic dipole moment [10, 11] .
The Stark deceleration technique was first used in a crossed beams scattering experiment in 2006 [12] , and has been used in a variety of collision experiments ever since [13] [14] [15] [16] [17] . The Zeeman deceleration technique has thus far successfully been used in novel trapping [18, 19] and spectroscopic experiments [20] , but its application in molecular scattering experiments is still in its infancy. Recently, a magnetic synchrotron was proposed that allows for the storage of multiple packets of hydrogen atoms for merged beam collisions with a variety of non-magnetic species [21] .
Here we give a detailed description of a multistage Zeeman decelerator that is specifically optimized for crossed molecular beams scattering experiments. The 3-meter long decelerator has become operational in our laboratory recently [22] and consists of an alternating array of 100 solenoids and 100 hexapoles, such that the transverse and longitudinal motions of particles traveling through the decelerator are decoupled and can be controlled separately. The solenoids are made of copper capillary and are internally cooled using a flow of liquid, in principle affording repetition rates of the experiment exceeding 10 Hz. Electrical currents up to 4.5 kA are pulsed through the solenoids using cost-effective components based on field-effect transistors (FETs), whereas the hexapoles consist of an array of permanent magnets. The decelerator features a modular design, and can easily be extended or shortened to arbitrary length by adding or removing modules. We present a detailed description of the decelerator design and construction, focusing primarily on the mechanical and electronical aspects. We characterize the focusing properties of the decelerator using beams of metastable He, Ne, Ar or Kr atoms, that are guided through the decelerator and imaged on a screen upon exiting the decelerator. This paper is organized as follows: In Section II A we explain the operation principle of the multistage Zeeman decelerator presented here. Section II B describes the mechanical design of the apparatus in detail, while Section II C provides a detailed account on the electronics that power the solenoids. Section II D provides a comparison between the solenoid and hexapole contribution to the transverse forces in the decelerator. In Section II E the experimental setup that we use to characterize the decelerator is explained. The results of these experiments are presented in Section III. Finally, in Section IV the paper is summarized and the prospects for our Zeeman decelerator in scattering experiments is discussed.
II. EXPERIMENTAL A. Operation principle
We first give a brief description of the operation principles of the decelerator; a full description can be found elsewhere [23] . In the following, we consider paramagnetic particles that are in a low-field-seeking (LFS) quantum state, i.e., particles whose Zeeman energy increases when moving into a stronger magnetic field. This increase in potential energy is compensated by a loss in kinetic energy. Upon leaving the field the particles regain an equal amount of kinetic energy. However, the amount of deceleration and acceleration can be controlled by turning on or off the magnetic field at specific times.
In order to better understand the principle of longitudinal velocity control using pulsed solenoids, it is instructive to consider a so-called synchronous particle that can be though of as the center of the packet of molecules manipulated by the decelerator [23] [24] [25] . This synchronous particle is only described in one dimension, along the beamline, as illustrated in Fig. 1(a) . When all the solenoids are active, the Zeeman potential energy of this hypothetical particle as a function of longitudinal position is shown in Fig. 1(b) . By turning solenoids on or off each time the synchronous particle reaches the same point relative to the solenoid center, the kinetic energy of this particle will change an equal amount per stage, assuming instantaneous switching of the solenoid fields. In reality, the solenoids have significant rise and fall times of the currents, and the exact amount of deceleration per solenoid depends on the velocity of the synchronous particle [25] . The kinetic energy of the particle can be decreased or increased with the so-called 'deceleration mode' and 'acceleration mode', respectively. Fig. 1 In addition to controlling the longitudinal velocity of the synchronous particle, switching the solenoids off during an upwards slope, or on during a downward slope, will result in longitudinal focusing of the nearby particles in the molecular beam [23] [24] [25] . Relative to the synchronous particle, non-synchronous particles are either accelerated if they lag behind or decelerated if they are ahead. This focusing effect is limited by the strength of the magnetic field, and the speed at which the current rises or falls. The position of the synchronous particle at the time of switching also has an influence; the closer to the apex of the potential hill, the weaker the focusing effect.
The two modes can also be combined into a so-called 'hybrid mode' (as depicted in Fig. 1(e) ), which maximizes longitudinal focusing of the molecules. This mode can either be used to make small changes in longitudinal mean velocity, or to guide the packet of molecules at constant mean velocity. The acceleration, deceleration and hybrid modes of operation together allow for the production of a well-defined packet of atoms or molecules within a large range of final mean velocities. 
B. Mechanical implementation
The multistage Zeeman decelerator presented here features a modular design that allows for an easy extension to arbitrary length. Each module houses 20 solenoids and 19 hexapoles. In Fig. 2 a depiction of one such module is shown. For easy maintenance and replacement of parts, the solenoids and hexapoles are mounted individually using an aluminium mounting flange, as can be seen in Fig. 2(a) and (b) . The decelerator consists of five modules, yielding a total of 100 deceleration stages. In Fig. 3 a schematic drawing of the complete decelerator is shown, together with longitudinal cross sections detailing the connections between the source chamber, the decelerator modules and the detection chamber, as well as transverse cross sections that illustrate the positioning of the hexapoles and solenoids. A number of additional hexapoles are installed in the region between the end of the decelerator and the detection region, in order to maintain the transverse particle distribution of the decelerated beam into the detection chamber, as will be further described in section II E.
A single module is made from a 150 mm x 150 mm x 440 mm block of aluminium. First, it is modified into roughly the shape of the chamber by a computer controlled milling machine. The final alignment of the decelerator is purely mechanical, therefore the precision of the solenoid and hexapole ports, as well as the connection between adjacent modules is critical. This high level of precision can be achieved by milling all critical sections in a single session. For this, the aluminium block is fixed in a 5-axis computer controlled milling machine, such that the position of each face and threaded hole is well-defined to the accuracy of the 5-axis machine.
Adjacent modules use a stainless steel ring as a dowel, fixing two modules together and aligning them (see Figure 3B) . This ring holds a hexapole, in order to present an uninterrupted sequence of solenoids and hexapoles throughout the decelerator. Similar dowels are used at the entrance and exit of the decelerator, where two custom CF200 flanges interface the decelerator to a commercial source and detection vacuum chamber, respectively. For ease of installation, the aluminium modules are connected to a set of braces that are designed to rest on two girders that run parallel with the decelerator. These braces also hold the cooling liquid manifolds running alongside the decelerator.
The solenoids and hexapoles have a center-to-center distance of 11 mm, limited by the combined length of a single solenoid and hexapole, with approximately a 1-mm spacing between them. The hexapoles are inserted into the module from the bottom, whereas the solenoids are inserted from either sides of the module in an alternating manner to facilitate sufficient space for the installation of a printed-circuit board (PCB) for each solenoid (see also the transverse cross sections of a module shown in Fig.  3 (E-G)). The top of a module is closed with a lid that has two CF63 and one CF100 flange ports, which can be used to install turbo-molecular pumps, pressure gauges, or auxiliary equipment. In our setup, only three of the five modules are equipped with a 250 l/s pump, which yields sufficient pumping capacity to run the experiment at a 10-Hz repetition rate.
The hexapoles are made from six arc-shaped permanent magnets that form a ring with alternating radial magnetization. The commercially available magnets (China Magnets Source Material LTD), consist of grade N30M sintered neodymium. Magnets of this grade typical have a surface magnetic field of about 1.1 T. The magnet ring has an outer diameter of 10 mm, an inner diameter of 5 mm and has a length of 8 mm. The magnet assemblies are fixed in place with two rubber rings in an aluminium mounting flange (see Fig. 2(b) ). A disadvantage of permanent magnets is that the field strength cannot be controlled. Yet, the mechanical implementation as used here allows for an easy and reproducible replacement of the magnets with weaker or stronger magnets. This may need to be considered for species that have a much different mass over magnetic moment ratio than the species used here, or if a smaller transverse velocity spread is required.
The solenoids consist of copper capillary of 1.5 mm outer diameter and 0.6 mm inner diameter, with four and a half windings around a bore of 3 mm in diameter. A winding process was developed that guarantees that all 100 solenoids have the same dimensions, with little to no deviation. The capillary is wound on a rod with evenly spaced grooves that ensure equal spacing between the windings. The straight entrance and exit sections of the solenoid capillary act as feed-through in the aluminium flange, and define the correct positioning of the solenoid with respect to the beam axis. Sufficient accuracy is obtained with a precise mold, in which a rod is fixed through the solenoid at the correct distance from the aluminium flange. A polyvinyl chloride (PVC) bus is used to isolate the capillary from the aluminium flange. Torr-seal is used to obtain a seal suitable for high-vacuum. This resin is heated and applied from both sides and stirred until no air bubbles remain. The accuracy of the solenoid positions and rotations relative to the aluminium mounts is tested by installing them in a decelerator module, and inserting a 2.8-mm diameter PVC rod through the centers of the 20 solenoids. When extra friction is detected during this test, the offending solenoid is identified and replaced. When the rod is transmitted smoothly, the solenoids are accepted.
The hollow capillary allows for a flow of cooling liquid that is thus in direct contact with the solenoids inside the vacuum chamber. The cooling liquid is pumped from a single source (ThermoFisher system I heat exchanger), and a series of manifolds is used to distribute the flow equally, with silicon tubes running to and from the solenoids. These tubes are connected directly to the solenoid feedthroughs, using brass rings that provide a tight seal. Initially automobile coolant (PROF-CLEAN, all-season) was used, but it proved unsuitable for the narrow solenoid capillary. The anti-freeze made it too viscous and it occasionally caused obstructions. We switched to racing coolant (BARDAHL ref. 13113), which forgoes the anti-freeze agent but still has anticorrosive properties.
For optimal cooling, a rapid flow is needed, which depends on the pressure difference between the liquid at the entrance and exit of the solenoids. The maximum pressure difference before the silicon tubes would detach from the solenoids was found to be 1.5 bar. In the experiments, a pressure difference of 0.8 bar is used, which has proven sufficient to run the solenoids at repetition rates of 10 Hz.
In the early testing stages, when applying current pulses to the solenoids, they would audibly flex due to the self-inductive force on the capillary. In some cases, after a few months of operation, the capillary was found to tear open and spill coolant. To prevent breaks, solenoids were coated with Torr-seal to combat the flexing motion. After being applied to the solenoid, the resin is heated to reduce viscosity and release any trapped air. The solenoid is rotated until the resin hardens, to prevent the resin from accumulating on one side. A Teflon rod is inserted into the center of the solenoid when applying the resin, such that the bore of the solenoid remains fully unobstructed. Since Torr-seal does not adhere to Teflon, the rod is easily removed after the resin has set. No further ruptures of solenoids were observed, for almost non-stop operation during a full year.
When the five modules were fully assembled with solenoids and hexapoles, a final check was performed to confirm the precise alignment between the modules. While very small deviations between the modules are expected to be compensated by the hexapoles, larger deviations could significantly reduce the number of transmitted particles. However, with a theodolite we observed a straight sight-line through the entire decelerator, which is a good indication that the modules are well aligned.
C. Electronics
Each solenoid is connected to an individual PCB that is powered by a separate 24-volt power supply. These low voltages are sufficient because of the low resistance in the solenoids (≈ 1 mΩ), and allow for the use of relatively cheap FET-based electronic components compared to the high-voltage insulated gate bipolar transistor (IGBT) switches that are used in Zeeman decelerators of other design. The PCBs can provide two successive current pulses of up to 4.5 kA per deceleration sequence. With these currents, magnetic fields above 2 T are generated in the solenoid center. The currents are pulsed for 10-100 µs, depending on the mean velocity of the molecular packet. The duration of these pulses, in combination with the maximum current and the experimental repetition rate, defines the amount of heat dissipated in the solenoid and in the PCB. In order to maintain repetition rates of at least 10 Hz, the PCB is liquid cooled using the same manifold that provides the cooling liquid to the solenoids. A 40-mm fan is mounted on each PCB for additional cooling. Fig. 4(a) shows a simplified schematic of the electronic circuit of the PCB, including the solenoid. The schematic circuit also shows the three possible pathways in which the current can flow. The first pathway is active when gate S1 is closed, and is used to drive the capacitor charge through the solenoid, providing up to 4.5 kA of current for a short time. The second pathway is engaged when S2 is closed, which adds a 100 mΩ resistance in series with the solenoid. With this resistor in series, the current through the solenoid is severely reduced, down to about 150 A. This small current is sufficient to provide a bias magnetic field inside the solenoids that prevent Majorana transitions in the molecular packet [23] . This pathway is used when the particles pass through the solenoid after switch S1 has opened. The third pathway is used to Depending on the mode of operation, switch S1 is opened in a single (deceleration and acceleration mode) or double pulse (hybrid mode). Fig. 4(c) and (d) show the current profiles through the solenoid when it receives a single and double pulse, respectively. These profiles were obtained from the induced voltage over a miniature solenoid that was placed inside the center of a decelerator solenoid. This provided us with the shape of the current pulses in our solenoids. As can be seen in the measured profiles, there is a significant rise and fall time in the current profiles. This is due to the self-inductance in the solenoid (50 nH) and surrounding electronics. In previous versions, the rise time was reduced by using a fourth pathway that increased the potential difference through the solenoid to 60 V. However, the reduction in rise time was too small to justify the increased stress on the switching transistors. The rise and fall profiles are necessarily taken into account when calculating the switching times of the solenoids for a deceleration sequence. The second pathway is automatically engaged 30 µs after the single or double S1 pulse is terminated, and remains active during 50 -80 µs. The 30-µs delay allows the current to decay more quickly through the second pathway and prevents excessive heat to be generated in the resistor. The 50 -80 µs duration was chosen as sufficient time for all molecules in a packet to benefit from the quantization field.
One of the challenges in designing the PCB is the relatively high current that flows through the components, which causes a large amount of heat dissipation. Therefore, where possible the tracks between electrical components are kept at low resistance by using as much of the PCB surface as possible. Additionally, cooling liquid is flowed through copper capillary that is directly soldered onto the PCB area that experiences the most heat dissipation. The connection between PCB and solenoid is necessarily kept as short as physically possible, by attaching it directly onto the solenoid legs with a set of brass clamps. These brass clamps and the copper cooling tubes on the PCB are seen in the bottom-right of Fig. 4(b) . The length of the solenoid leg between the clamp and the beginning of the solenoid is only about 23 mm, yet it constitutes about 40% of the total current carrying wire. For the 100 mΩ resistance in the second current pathway a conventional resistor proved unsuitable, as its thermal conductivity was not sufficient to disperse the heat pulse generated in a single switching sequence. Instead a bifilar coil of copper wire is used as a resistor. The wire is wrapped around a rectangular grid that maximizes the surface area. This component is custom made, and can be seen next to the brass clamps in Fig 4(b) .
The switching timings for the solenoids are calculated using a molecular trajectory program, by simulating a synchronous particle. The list of timings is sent to a small computer (Raspberry Pi), which passes them onto a timing PCB for each solenoid. Each individual timing is addressed with a unique number that is recognized by a dual in-line package (DIP)-switch system on the PCBs. Once loaded, these timing PCBs are synchronized to a single 20 MHz clock, and start counting when the system receives an external trigger. At the loaded pulse timings, they send a trigger to the PCB connected to the solenoid, which then generates a pulse for the appropriate duration.
D. Transverse focusing
The magnetic field inside a solenoid running 4.5 kA of current was calculated by applying the Biot-Savart law to a solenoid geometry that matched our solenoid design. The result is shown in Fig. 5(a) . The fields are calculated along lines parallel to the beamline at three different transverse positions. The magnetic field distributions close to the inside of the solenoid are shown to fluctuate based on the proximity to the nearest capillary. Consequently, the entrance and exit connections of a solenoid cause an asymmetry in the induced magnetic fringe fields near the ends of a solenoid. Adjacent solenoids are therefore rotated such that all entrance connections are positioned on alternating sides of the beam axis, to average out the asymmetry. For LFS particles, the average transverse gradient of the solenoids provides a focusing force directly inside the solenoids, but results in a small defocusing force in the fringe fields. The magnetic field inside a hexapole was calculated using Radia 4.29 [26] , and is shown in Fig. 5(b) , for a transverse offset of 1.5 mm. On-axis the hexapole magnetic field is by definition zero, resulting in a magnetic field gradient that is purely focusing for all LFS particles. From a quick comparison of the transverse gradients of the solenoid and hexapole fields, it would seem that the solenoids provide the stronger transverse focusing. However, due to the rising and falling of the currents inside the solenoids, this is not the case. We show this with a particle simulation that uses the routines from a previous work [23] , but with updated current profiles and field distributions. We simulate the synchronous particle to obtain the time-dependent magnetic fields, and calculate the average contribution of the solenoids and hexapoles to the field as a function of the transverse coordinate, x. The field was averaged over two time periods of the decelerator to average out the effect of the solenoid fringe fields:
where one period, T , is the time in which the synchronous particle passes one solenoid and one hexapole, and z is the longitudinal position of the synchronous particle. B is the magnetic field strength inside the decelerator, which depends on the position and the time in the decelerator. The vertical offset, y, is set to zero. We chose a decelerator sequence that is representative for the experiments described in section III, specifically a guiding sequence at 550 m/s. The result of this simulation can be seen in Fig5(c), for the contributions of the solenoids and hexapoles separately. In the solenoid contribution, the minimum magnetic field was set to zero, to show only the transverse gradient. The permanent magnetic hexapoles contribute significantly more to the transverse focusing of the particle beam, about five times more compared to the solenoids. By contrast, the solenoids affect the longitudinal velocity components, much more than the hexapoles. These two elements together allow for nearly independent control over the longitudinal and transverse properties of decelerated particles. The transverse and longitudinal focusing properties are also independent of the length of the decelerator, due to the phase-stable nature of the decelerator [22] .
E. Experimental setup
In order to characterize the Zeeman decelerator, and experimentally validate the suitability of the solenoidhexapole concept for Zeeman deceleration, beams of atoms or molecules are passed through the Zeeman decelerator and their arrival in the detection area is monitored. Control over the longitudinal velocity of oxygen atoms and molecules was demonstrated in a previous paper [22] , where we presented time-of-flight (TOF) profiles of the atoms and molecules exiting the decelerator. Excellent agreement between the observed and simulated time-of-flight profiles was found. In this paper, we primarily focus on the transverse properties of the decelerator. For this, we generate beams of metastable rare gas atoms (He, Ne, Ar and Kr), and guide them through the decelerator in hybrid mode. We measure the radial distribution of the atoms upon exiting the Zeeman decelerator, which probes the transverse velocity spread of the Zeeman decelerated packet. A schematic representation of the experimental setup can be seen in Fig. 6 .
Rare gas atoms are brought into a metastable state via an electric discharge, by promoting one electron from the highest occupied atomic orbital to the lowest unoccupied orbital. Rare gas atoms in these metastable states have enough internal energy to release an Auger electron when they impinge on a microchannel plate (MCP) detector [27] . The subsequent electron avalanche can be measured directly. In addition, a phosphor screen is attached to the MCP that generates a flash of light at the impact position. A complementary metal-oxide semiconductor (CMOS) camera is used to record the light from the phosphor screen to retrieve a spatial map of the metastable atoms exiting the decelerator.
A Nijmegen pulsed valve is used to create supersonic beams of rare gas atoms [28] . The gases are expanded at room temperature with a repetition rate of 10 Hz.
The atoms are brought into the metastable states by a discharge in a pinhole nozzle, similar to the one used by Ploenes et al. [29] . The front plate of the discharge nozzle is set to -800 V for 30-50 microsecond pulses, depending on the gas. A hot filament, consisting of a 0.3-mm diameter tungsten wire in a tight spiral through which 3 A of current is passed, is mounted near the valve orifice and used to stabilize the discharge process. The metastable atoms pass through a skimmer and into the multistage Zeeman decelerator. Between the exit of the decelerator and the detection region, an extension consisting of eight hexapoles is placed. The MCP with phosphor screen is placed 250 mm from the final hexapole. A voltage difference of 1600 V is applied over two MCP plates, and the phosphor screen is set to 4500 V. The MCP voltage is pulsed using a Behlke high-voltage switch, limiting the measurement time to only 20 microseconds, which is sufficient to distinguish the Zeeman decelerated atoms from the remainder of the gas pulse. 
III. RESULTS
Time-of-flight profiles, in combination with radial distributions were measured for metastable He, Ne, Ar and Kr atoms that exit the Zeeman decelerator. The electronic states together with the ratios of mass to magnetic dipole moment are listed in table I. To determine the mean velocity of the metastable atom beam, TOF profiles were first measured for all species with the solenoids off, i.e., the atoms are then only transversally focused by the hexapole array. The resulting profiles are shown in Fig. 7 as the dashed traces, which are all normalized with respect to each other. From these profiles, and the known discharge ignition time and travel path from the source to the detector, the mean beam speeds as given in table I were deduced. These speeds are significantly higher than what may be expected for a room temperature expansion, which is attributed to heating effects due to the discharge process.
The Zeeman decelerator is subsequently used in hybrid mode and programmed to select a velocity that is close to the mean velocity of the beam. This was possible for all metastable atoms, except for the helium beam which traveled too fast to be significantly affected by the pulsed magnetic fields. The measured TOF profiles after guiding for Ne, Ar and Kr are shown in Fig. 7 . The central narrow peak in the TOF profiles contains the packet of guided atoms, and is well separated from the remainder of the atom beam even for beams of metastable Ne atoms that travel with a mean speed exceeding 1000 m/s. The guided packets of Ne, Ar and Kr had a similar longitudinal velocity spread, approximately 20 m/s, and spatial spreads of around 10 mm, 13 mm and 16 mm, respectively. The ability of the decelerator to manipulate the longitudinal motion of paramagnetic particles has been explored in a previous work [22] . Here, we focus on the transverse distributions of atoms at the end of the decelerator. The radial distributions were measured for the selected packets of Ne, Ar and Kr, by gating the MCP such that only the guided packets are recorded. For helium an arrival time was chosen that corresponded with a forward Experimental TOF profiles of metastable rare gas atoms, after passing through the multistage Zeeman decelerator. Profiles with dashed lines correspond to beams passed through the decelerator when the solenoids were not activated. For neon, argon and krypton, the decelerator is used in hybrid mode to guide the atoms through the decelerator at constant speed as indicated, resulting in the profiles with solid lines. The relative intensities for profiles corresponding to different rare gas beams are normalized with respect to the dashed curves. The spatial distribution observed in the images result from spatial spread of the packet at the exit of the hexapole extension, in combination with the transverse spread that is built up during the free flight towards the detector. The latter is governed by the inherent transverse velocity distribution in the packet, which in turn is governed by the transverse focusing forces of the hexapole array in the Zeeman decelerator. Since the hexapole magnets induce a magnetic field that is quadratic in the radial position, the atoms move as a harmonic oscillator in the transverse directions. In this motion, the maximum transverse velocity in the decelerator is found on the beam axis. By calculating the free-flight time of the atoms to the detector, and relating this to the maximum deviation a particle reaches when it originates from the beam axis, an upper limit to the radial velocity can be deduced from the images. Using this method, the max- The largest deviation from this expected result is found in the helium velocity, which should be around 15.6 m/s. This deviation stems from the measured radial distribution, which is more narrow than a calculation of the magnetic forces would suggest. More numerical trajectory simulations were performed to look directly at the transverse phase-space distributions of the metastable helium beam inside the decelerator. The results are shown in Fig. 9 . In the simulation we generated an initial helium distribution that is an approximation of the beam distribution in the experiment. While it is not an exact match, it can be used to give an understanding of the phase-space evolution in the decelerator. Due to the aperture of the skimmer, the helium distribution is truncated when flown into the first hexapole, as seen in the Fig. 9(a) . With the average magnetic field gradients calculated in section II D, the transverse separatrix for helium atoms in our decelerator was calculated, and displayed over the phase spaces. Because the separatrix is not uniformly filled, the transverse phase-space distributions show significant changes in time. The particles make around five harmonic oscillations before they reach the final hexapole. The transverse phase-space distribution when the helium exits the final hexapole is shown in Fig. 9(d) . Because the particles are close to a 'velocity node' at this time, the velocity distribution is more narrow than would be expected considering the separatrix. This is reflected in the spatial distribution found at the MCP detector position, seen in Fig. 9(e) . By changing the length of the decelerator, the separatrix would remain unchanged, but the helium particles would likely be in a different part of their transverse oscillation and therefore show a greater spread when detected.
For Ne, Ar and Kr, the radial distributions were also measured when the solenoids in the Zeeman decelerator were not used and switched off (data not shown). These distributions showed no significant differences from the images recorded when the Zeeman decelerator was used in hybrid mode to guide the beams at constant speed. This substantiates the design principle of the decelerator, which was chosen to have transverse focusing independent of the longitudinal motion. We therefore conclude that the hexapoles focus the beam an equal amount regardless of the solenoid magnetic fields, i.e., the transverse properties of the Zeeman decelerated packets are governed by the hexapole array.
IV. SUMMARY AND OUTLOOK
In this paper, a detailed account is given of the implementation of a multistage Zeeman decelerator that is specifically designed for crossed beams scattering experiments. This Zeeman decelerator is conceptually different from other multistage Zeeman decelerators. It consists of an alternating array of solenoids and magnetic hexapoles that decouple the longitudinal and transverse properties of the decelerator. The solenoid design allows for easy in-vacuum positioning while facilitating efficient internal liquid cooling. In addition, the low resistance and self induction of the solenoid allows for the use of cost-effective low-voltage and FET-based electronic components.
The decelerator features a modular design, that allows for the easy addition or removal of individual modules. The modules are mechanically coupled and aligned with respect to each other with high precision, and without breaking the solenoid-hexapole array. Excellent vacuum properties are maintained by sufficient pumping capacity delivered by turbo pumps that are directly connected to the modules, and the solenoids and printed-circuit boards are internally cooled. In principle, this allows for operation of the Zeeman decelerator at repetition rates exceeding 10 Hz; the upper limit to the repetition rate depends on the duration of the current pulses in the sequence.
The transverse focusing properties of the hexapoles are investigated by recording the radial distributions of different metastable rare-gas beams that are passed through the decelerator. When the hexapoles are used, the radial distributions are found to be unaffected by the magnetic fields of the solenoids, confirming that the hexapoles govern the transverse motion of particles inside the decelerator. The observed spatial distributions probe the transverse velocity distributions of the Zeeman decelerated beams, which were found to be in good agreement with the predictions from numerical calculations of the deceleration process.
The decelerator presented here is ideally suited for crossed beams scattering experiments. It can easily be extended with a module that interfaces the decelerator with an interaction region where the Zeeman-decelerated beam is intercepted by a secondary beam. The design also allows for the addition of custom-made modules that, for instance, provide additional optical access near the exit of the decelerator. One may also envision the addition of a curved module in which adjacent solenoids and hexapoles are positioned under a small angle. This would allow for efficient removal of carrier gas atoms from the beam which is important for collision experiments involving traps or surfaces. A curved extension may also allow for the implementation of merged beam geometries to reach (ultra)low collision energies well below 1 Kelvin [4] .
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